[P l a t e s 14, 15] I n t r o d u c t io n
During an anatomical study of the jute and hemp plants carried out by one of us (B. C. K.), the opportunity was taken of reinvestigating in these plants the structure of the walls of the fibres, using the term " fibre" in its botanical sense. The so-called " b a st" fibres are of particular interest in wall studies since it was apparently on the basis of their investigation th at the " crossed fibrillar" conception was first introduced. Thus we find Reimers (1922) stating th at in a number of plants, including hemp, the walls of these fibres are composed of two or more layers differing considerably in cellulose-chain direction. Since th at time numerous other statements of this kind have been made for different types of cell (Freudenberg and Durr 1932; R itter 1930; R itter and Chidester 1928; Bailey and Kerr 1935; v. Iterson 1937; Wuhrmann-Meyer 1939) . I t seems rather a common feature of the evidence quoted in support of such a structure th at it is derived from material swollen considerably either in acid or alkali. Certainly the optical properties of the wall have been used in support (Freudenberg and Durr 1932; Bailey and Kerr 1935) but the implications of such work have already been discussed elsewhere (Preston 1939a) . We are here concerned chiefly with the swelling technique. While it is not to be suggested th at treatm ent with swelling reagents totally invalidates all observations of this type, it is quite clear that in some cases at least observation of swollen material can give an entirely erroneous conception of the wall in its natural condition. This is perhaps particularly clear in the case of jute, for which Osborne (1935 , quoted also by Barker 1938 refers to the fibres as being composed of a series of chains lying at a considerable angle to the longitudinal axis of the cell, in spite of contrary X-ray evidence.
In general the swelling of the plant cell wall must be a complex process, causing considerable changes in wall structure, particularly in those cells which fail to swell uniformly. The multiplicity alone of the phenomena revealed-concentric lamellae (Balls 1919; Bailey and Kerr 1935; Kerr 1937; Karr 1938) , fibrils (Balls 1922) , crossed fibrils (Reimers 1922; R itter 1930; Bailey and Vestal 1937) , " ballooning" (Lutdke 1928 (Lutdke , 1932 Bailey and Kerr 1935; v. Iterson 1927; Farr 1938) -would indicate the complexity of the problems concerned when the attem pt is made to interpret the intact wall on the basis of observations of swollen material. I t is the aim of the present paper to show th at treatm ent, even with weak swelling agents, produces sufficient distortion to render almost useless application of the swelling technique in the elucidation of the fine structure of the plant cell wall.
The results to be presented here refer exclusively to the hemp fibrejute will be considered in a later communication. The fibres appear to occur only in phloem tissue and are to be considered as primary or secondary according to whether they develop from procambium or from cambium. With both classes of fibre an attem pt is made to establish a connexion between the various swelling phenomena mentioned above and to contrast these with the structure of the intact wall as derived by a variety of methods. I t has become quite clear th a t the presence of substances other than cellulose has a profound influence on the results of the swelling process. Observation of swollen material can be and often is deceptive, and the structures thus revealed cannot legitimately be taken as typical of the intact wall.
Ma t e r ia l s a n d m e th o d s Plants of Cannabis Sativa were obtained from Reading in October 1937, through the courtesy of Messrs Sutton and Sons, and in the 1938 season plants were grown in the open in the University gardens. The fibres were extracted, both from growing and from adult stems, by two methodsmaceration in 5 % chromic acid, and retting in water alone. In the second method, whole plants were placed in vats filled with water where they remained until the necessary stage of maceration was reached. By this process, the whole group of primary and secondary fibres (the commercial " fibre " ) could be obtained with ease, but it proved difficult later to separate the two classes of material. This method was therefore replaced by one in which pieces of internode were placed in large photographic dishes con taining tap water and the process of retting watched each day. Complete retting occurred at the end of one month, but after a period of three weeks it was found possible to separate the outer, primary, fibres after a little manipulation. These were placed in water in small specimen tubes and the retting process continued until complete separation took place. The secondary fibres were later separated from the wood, and after complete maceration the two kinds of fibres were stored in 30 % alcohol in separate tubes. Maceration in chromic acid followed a somewhat similar course, the acid being changed every day until complete maceration was observed.
For the bulk of the work it proved necessary to obtain single fibres. No difficulty was encountered in dealing with the chromic macerated material, though the water-retted samples gave rather more trouble except when the retting process was more prolonged than usual. Fine steel or glass needles were used in the separation of the fibres.
Since the breadth of the fibres varied considerably along their length, special precautions had to be taken whenever it became necessary to measure the fibre diameter, particularly when changes in diameter were to be determined. For this purpose, individual fibres were air dried and mounted on a slide by attaching the two ends with " Durofix " . The slide had, previously etched on it, fine lines parallel to its shorter edge, and measurement of diameter was made only at the points where the fibre crossed these lines. Any rotation of the fibre could generally be detected with the aid of drawings marking individual peculiarities. For the purpose of applying pressure, very thick cover-glasses were used, and pressure applied either in a vice for general pressure, or with the aid of a thin wooden rod with a rounded end for localized pressure.
Stru c t u r a l f e a t u r e s o f t h e u n t r e a t e d w a ll
The point at issue in the present paper centres around the question of the existence in the intact wall of the hemp fibre of layers differing in chain direction, such as swelling phenomena would seem to indicate. Several methods are now available for the investigation of the structure of the wall. Thus the X-ray diagram gives information directly as to the orienta tion of the cellulose chains composing the wall, and in the X-ray method we have, in fact, the only reliable means of determining this property. Certainly the criticism may be made th at in a wall apparently built up of only one set of chains there may exist a layer, differing in chain direction and yet so thin th at its diffraction spots fail to be recorded. I t has, however, been shown recently (Preston and Allsopp 1939) th at even in such weakly fibrous material as wood, layers could be detected at least of the thickness of th at actually giving a strong X-ray diagram. This is of particular importance since those layers in a wall, whose optical properties are so different from those of the rest of the wall as to have led to the conception of a different chain direction (e.g. Bailey and Kerr 1935) , are generally much thicker than would be represented by this figure. Again, striations are often visible on the wall and these have been shown in some cases ( V a l o n i a, Preston and Astbury 1937; Nicolai and Frey-Wyssling 1938; Cladophora, Preston and Astbury 1939) to corre spond in direction to the cellulose chains in the wall. It is not, however, always easy to distinguish between striations proper and other wall markings, and there are already in the literature a few cases in which apparent striations are perpendicular to cellulose chain direction (Farr and Sisson 1939) . Of perhaps rather less wide applicability is the determination of the major extinction position, for this direction may be taken to correspond to the cellulose chain direction only if it is known th at only one set of chains is present. A coincidence of striation direction and major extinction position would argue strongly in favour of the existence of only one set of chains. Finally, determination of the optical properties of the wall in section, though favoured by some authors, is clearly of doubtful value unless supported by other evidence (Preston 1939 a, c) . Such optical properties are controlled by so many factors th a t it is not at present feasible to attem pt definitely to correlate them with the direction of cellulose chains alone.
X-ray diagrams of " b a st" fibres have been published extensively during the evolution of modern ideas on the structure of cellulose. These diagrams (chiefly of ramie fibres, but occasionally of hemp (Astbury, Preston and Norman 1935)) show no sign of more than a single orientation of cellulose chains. In the present investigation single fibres have been examined from this point of view, both before and after mercerization, and no trace of a second orientation has been detected even after the fibres have been subjected to rather severe mechanical treatment. The cellulose chains appear to lie almost longitudinally (figures 5, 6, plate 14) and any wall layer with a different orientation must be tenuous in the extreme.
Microscopical observations of macerated fibres, whether water retted or treated with 5 % chromic acid, reveals the presence of striations which are never far removed from the longitudinal (table 1); these are the only true striations visible in the unswollen wall. Other markings are often notice able, but none of these have any relation to striations proper. Thus " slip planes can readily be recognized on account of their optical properties, as so often described for fibres. The occasional appearance of markings, 
The inclination of th e m ajor extinction position to the fibre axis (degrees). 6' -The inclination of th e striatio n direction to th e fibre axis (degrees). N egative signs im ply a right-handed spiral, and positive a left-handed.
frequently transverse but often so arranged as to enclose a six-sided area, may be attributed to the presence of parenchyma in contact with the fibre before maceration (figure 1). They possibly represent lines of thickening in the primary wall of the fibre at its junction with two adjacent parenchyma cells. Again, the faintly visible transverse markings which may be seen on the outer layers of the wall, even when these latter structures are absent, appear to be folds rather than striations. The considerable amount of evidence in the literature concerning the relation of striation direction to cellulose chain orientation would again suggest th at the hemp fibre is largely composed of chains running in a steep spiral. This is supported and extended by observations of single walls under the polarizing microscope. The major extinction position (m.e.p.) of the wall is always inclined at a small angle to the longitudinal axis of the fibre. Some difficulty is experienced in measuring its precise direction, since the thickness of the wall in comparison with the lumen makes it impossible to obtain any large area of single wall for observation. Nevertheless the degree of accuracy is sufficient to allow comparison of major extinction position and striation direction. The degree to which these correspond (table 1) is very striking, particularly in view of the above difficulty and of the fact th at the latter directions are often taken from areas adjacent to those used for the former measurement. The striation direction is often coincident with the m.e.p. and the two are never widely separated. Such agreement could hardly be expected of a wall an appreciable part of whose thickness is built up of chains lying at an angle different from th at in the rest of the wall. It seems reasonable to suppose th at such a layer is absent. Such observation of swollen material as suggests that the cellulose chains in an outer layer in the wall are oriented more nearly transversely will be examined in a later section. It is sufficient here to point out that in retted fibres soaked in water for many days this outer layer can be dissected off. Fibres under these conditions show a series of boat-shaped cracks (figure 2) with their major axis lying longitudinally to the fibre, and these are visible both in the bulk of the wall and in the thin, dissected, outer layer. The m.e.p. of these dissected fragments also lies longitudinally, as does th at of the rest of the fibre wall, and this, taken in conjunction with the fact that the wall consists in the main of cellulose chains lying parallel to the length of the fibre, leads inevitably to the conclusion th at the outer layer itself is composed of chains lying in a similar orientation. Further support for such a conclusion is contained in the fact th at the m.e.p. of slightly thickened fibres is not significantly different from th at of fully thickened (table 1) . I t may be pointed out th at this tenuous weakly birefringent outer layer is strongly reminiscent of a primary wall, though no definite pronouncement can be made on this point. Certainly preparations of primary wall material from young internodes show similar perforations which, in older, still unthickened fibres, are similarly oriented, though in young fibres they lie along a fairly flat spiral. Here, then, would appear to be one more case in which the cellulose chains in the primary wall are not always oriented transversely. In spite, however, of this apparent homogeneity in the cellulose chain direction the fibre wall is decidedly heterogeneous when examined in thin cross-section under the polarizing microscope. The bulk of the wall is isotropic or nearly so (figure 7, plate 14), as is necessitated by the presence of cellulose chains oriented nearly longitudinally; but an outer lamella is also present which is bright and therefore birefringent when observed between crossed Nicols. The path difference in these lamellae, in 10 sections, varies from 200 m/^ in secondary to 160 vci/i in primary fibres. It is not quite clear what factors are involved in this sudden change in optical properties. Certainly the thickness of the lamella, in view of the evidence presented above, is too great for the whole of it to consist of chains of cellulose lying less steeply inclined than those already discussed. Similar observations on another type of cell (Preston 1939a ) have been shown to receive a possible explanation in terms of an angular dispersion of the cellulose chains, but it cannot as yet be determined whether the same considerations apply here.
St a in in g r e a c t io n s o f t h e w a ll
In a later section it is proposed to deal with the swelling reactions of the wall in chromic-macerated and water-retted fibres, and to this end it is profitable for a moment to consider the relation of cellulose to the other wall constituents in the various wall layers. While the observations to be discussed here refer chiefly to staining methods, sufficient use has been made of specific solvents to ensure th at the technique yields results of qualitative and roughly quantitative importance. The presence of cellulose was detected by the usual treatm ent with iodine and sulphuric acid, and with chlor-zinc-iodine. Lignin was tested for by its reaction with phloroglucin and hydrochloric acid and with aniline chloride, supported by extraction with alternate treatments with Eau de Javelle and hot sodium sulphite. Finally, methylene blue was used as a staining reagent for substances which may be classed as " pectin" .
In transverse section of the stem the fibres never give a positive staining reaction for cellulose; primary fibres invariably show a bluish brown coloration much more intense than the reddish brown of secondary fibres. This fact is in harmony with the observation of other workers on lignified tissues and would suggest a higher degree of lignification in secondary than in primary fibres. This suggestion is supported by the staining reactions for lignin. In phloroglucin and hydrochloric acid, primary fibres remain unstained with the exception of a faint reddish coloration in the middle lamella. In secondary fibres, however, all layers lying outside of, and including, the first layer of the secondary wall are deeply stained. The primary wall is unusually thick in the corners of a cell and here the colour is more intense. The remainder of the secondary wall is faintly stained.
After retting in water, on the other hand, the wall develops a deep blue or bluish violet in the iodine reagents mentioned. This suggests immediately th at some at least of the lignin has now been removed. In harmony with this observation, it is found th at staining tests for lignin are negative in primary fibres, except for a faint coloration in the primary wall region. In secondary fibres the bulk of the wall is still faintly stained and the primary wall particularly is still highly lignified.
After maceration in chromic acid, the test for lignin is universally negative and now, as expected, the wall develops a deep blue colour with iodine and sulphuric acid.
The presence of " pectin" as defined above may be detected in primary walls and middle lamella of secondary fibres only. The secondary walls of these fibres, and the whole wall of primary fibres, nowhere show the blue staining reaction with methylene blue, and the latter, in fact, often appear faintly pink. After retting in water the whole of the pectin has apparently been extracted and the same applies to treatm ent with 5 % chromic acid.
Although colour reactions are unsatisfactory in some respects, it seems that the distribution of cellulose, lignin and pectin may roughly be outlined as follows. Both primary and secondary fibres are composed of cellulose, lignin, pectin, and other substances for which no specific tests have been made. In primary fibres the lignin is largely confined to the middle lamella and primary wall, while in secondary fibres the whole of the wall shows distinct evidence of lignification. Failure of the test for cellulose until
The fine structure of phloem fibres after the lignin has been removed is an observation common to many lignified tissues, and leads to the conception of lignin as ensheathing the micelles, or micelle aggregates, of cellulose (Freudenberg and Durr 1932), a conception which is supported by other evidence (Astbury al. 1935; Preston and Allsopp 1939) . Pectin, as here defined, seems to be absent except in the middle lamella and the primary wall of secondary fibres.
When the fibres are retted in water considerable changes occur both in lignin and in pectin content. As judged by the colour reactions, pectin disappears completely while lignin diminishes considerably in amount, particularly in secondary walls. This removal of incrusting substances proceeds still further in chromic acid, where colour reactions for con stituents other than cellulose fail entirely.
T h e e f f e c t o f s w e l l in g a g en t s I t seems reasonable to suggest th a t the precise nature of the swelling process depends not only on the configuration of the cellulose complex itself, but also on the distribution of the incrusting substances. This suggestion is fully borne out by the results of the swelling in sulphuric acid and in caustic soda of fibres in their intact condition, after retting in water, and after treatm ent with chromic acid. As seen in transverse section of the stem, both primary and secondary fibres fail to swell in Schweizer's reagent. In concentrated sulphuric acid, however, they swell considerably though in many cases, particularly among secondary fibres, they do not dissolve even after prolonged treatment. Solutions of caustic soda in strengths of 10 % or more cause appreciable swelling in both cases. After retting in water both primary and secondary fibres swell and dissolve immediately in strong sulphuric acid, with the exception of an outer layer and occasionally of the layer next the lum en; these dissolve more slowly, the outer layer being the more resistant. Appreciable swelling occurs on immersion in acid down to 5 5 % concentration; this will, however, be discussed in detail later on. Secondary fibres, which are definitely more lignified than primary fibres, invariably show a stronger resistance to sulphuric acid. In caustic soda, careful measurement shows the fibres to be more swollen than those treated in the intact condition, and here again the fibres in the secondary groups are the more resistant. After maceration in 5 % chromic acid all fibres swell and dissolve completely in sulphuric acid of a strength of 60 % or more, outer layers being rather more resistant. In strengths below 60 % the outer layer and the layer lining the cell lumen fail to dissolve even after prolonged immersion.
In all these cases of swelling, broadening of the fibre is always accom panied by some longitudinal contraction. Special cases of this will be discussed later. It may be pointed out, however, that differential swelling of layers, such as has been discussed above, will lead to differential shrinkage. This undoubtedly causes many features to develop during swelling which have no existence in the intact fibre.
Resistance to swelling thus seems largely attributable to lignification, since swelling becomes more pronounced as lignin is removed from a layer, and since the outer, more strongly lignified, layer is always the most resistant. At the same time the fact is rather suggestive th at an inner layer, which is not appreciably more lignified than the rest of the secondary wall, fails to swell. I t points either to the inadequacy of the lignin test or, more probably, to a specific effect upon swelling of the precise condition of the cellulose itself. Resistance to swelling is not, however, to be attributed to a difference in cellulose chain direction, for the outer layer only is optically different from the rest of the wall.
As regards the effect of swelling on wall structure, material has been examined in detail over a rather wide range of swelling conditions, and the multiplicity of phenomena observable justifies very fully the scepticism already expressed as to their value in wall studies. Even long-continued immersion in water of water-retted fibres causes pronounced changes in their appearance. The transverse markings already mentioned as an occasional feature of the intact wall become much more numerous in the outer wall layers and also begin to appear in the innermost layer. Treatment for 1 hr. with 10% caustic soda causes these markings to become so much more pronounced th at they may clearly be recognized as folds ( figure 8, plate 14) . Under the polarizing microscope each fold appears as two transverse bands, almost isotropic, with a narrow band running between them possessing the same optical properties as the unfolded wall. This is exactly what we should expect from such a fold. More prolonged treatm ent has no further effect beyond a slow general swelling. On the other hand, fibres macerated in chromic acid and treated for 19 hr. with 1 0 % caustic soda develop a series of transverse cracks (figure 3 a). These are particularly numerous if the fibre is allowed to dry for 15 min. before the application of the caustic soda, and are more readily observable in secondary than in primary fibres. They recall at once the " chemical sectioning" of ramie fibres observed by several investigators (e.g. Velaney and Searle 1930). The cracks are initiated as transversely oriented, boat-shaped crevasses in the wall (figure 3a), which rapidly develop through the central layers of the wall as these contract in length. The cellulose chains in the wall now run parallel to the distorted wall surface (figure 36).
Primary fibres macerated in 5 % chromic acid and immersed in 10% caustic soda occasionally present a strikingly different appearance, which may be observed more abundantly among secondary fibres in 5 0 % I f . _ T l T\ F ig u r e 4. W ater-retted p rim ary fibre soaked in 10% N aO H . The prim ary wall (a) has been teased off w ith needles an d th e tre a tm e n t has caused th e wall to break up into fibrils w hich are less steeply inclined in th e m ore swollen regions. ( x 130.) sulphuric acid. Since this phenomenon was first observed, careful obser vation of the initial swelling process under these conditions has revealed that, particularly in sulphuric acid, an outer layer of the secondary wall together with the primary wall often separates from the fibre, and the present observations are to be explained in terms of this chemical dis section (figure 4). The outer layer first cracks along a steeply spiral line so th at as the internal layers of the fibres swell they protrude along this fissure and push apart the turns of the outer spiral causing it to assume a progressively greater inclination to the fibre axis. Thus we have the appearance of what may be termed " spiral ballooning" (figure 9, plate 14; figure 11, plate 15) . This phase is, however, passed through rather rapidly. Locally pronounced swelling causes localized excessive flattening of the spiral band, which then apparently slides along the balloons, collects at a neighbouring point of excessive constriction and leads eventually to the typical ''ballooning" so frequently described (figure 11, plate 15). It is quite clear that this " ballooning" in hemp arises as a direct consequence of the presence of an outer, relatively non-swelling layer which cracks and is distorted by underlying layers with greater swelling power. The initial steps of " ballooning" here differ apparently from those in the cotton hair, where the cracks are reported to develop transversely and longitudinally (Farr 1938) . The transverse arrangement of the fibrils at points of con striction is clearly a consequence of swelling; the first fissures in this outer layer are never far removed from the longitudinal. Certainly their presence is not to be taken as evidence for a similar orientation in the intact wall as implied by some workers.
This line of argument is further supported by the fact th at more prolonged immersion in sulphuric acid (one hour or more) generally causes swelling sufficiently great to remove this outer constricting band; the constrictions now swell to the same extent as the neighbouring " balloons " , and the fibre appears uniform in diameter ( figure 12, plate 15) . It is at this stage that a point arises fundamental to the applicability of swelling technique. Whereas in the intact fibre the cellulose chains, of internal layers at least, are oriented almost longitudinally, the wall is now often seen to have developed fibrils lying in comparatively flat spirals. Much of this flattening is undoubtedly connected with lack of care in handling the swollen material. If the cover-glass is replaced gently after the addition of the caustic soda or sulphuric acid only a slight change in fibrillar direction is observable (table 2) . This is to be expected since the initial inclination to the vertical is so small. Such changes are nevertheless real and become more marked with increased swelling (table 2). Occasionally they are accompanied by a pronounced flattening of the fibrillar spiral in the outer layers of the wall (table 2, fibres 6-9), a point of some significance in view of the presence of an internal non-swelling layer. The slightest carelessness in applying the cover-glass, however, leads to a most striking change in the appearance of the fibre. The smallest pressure causes a pronounced increase in the inclination of the fibrils and they become more clearly visible as a series of continuous spiral threads ( figure 10, plate 15 ).* With * The X -ray diagram of single fibres in this condition shows conclusively th a t the directions of cellulose chains and of fibrils still correspond. U nfortunately the photographs are no t sufficiently intense for reproduction even after 100 hr. exposure.
The fine structure of phloem fibres 225 increased pressure, the inclination increases progressively (table 3) and the wall now has the appearance figured by Osborne (1935) , for jute, as typical of the fibre. It is quite clear th at the fibrillar orientation of such fibres T a b l e 2. T h e c h a n g e in d ia m e t e r a n d s t r ia t io In c lin a tio n Diam .
In clin a tion Diam. is a direct consequence of dimension changes in the fibre and is readily understandable in terms of the geometry of the spiral. A similar flattening of the fibrillar spiral may be observed on localized compression of either swollen or untreated fibres (figure 10, plate 15). As a further point it may be mentioned that consideration of the geometry of the case demands that unless the longitudinal swelling of the fibrils is marked a considerable shortening of the fibre should occur during swelling and compression. In agreement with the results of Lutdke and others such a shortening is, in fact, observed even during swelling alone (table 4) .
T a b l e 4. Cut p ie c e s o p f ib r e t r e a t e d w it h 5 % H2S0 4
Before treatm en t A fter tre a tm e n t w ith H 2S 0 4 w ith H 2S 0 4 A fter pressure isc u s sio n a n d c o n c lu sio n Several lines of investigation thus lead to the suggestion th at the phloem fibres of hemp are built up of cellulose chains running in a steep spiral, with possible occasional exceptions. Such observations as have been made on fibre development, though by no means conclusive, suggest th at during cell elongation the chains in the primary wall move from a more transverse position to a direction comparable with that of the chains in the secondary layer later deposited upon it. On this view the presence of an outer layer with a path difference in cross-section higher than th at of the remainder of the wrall is not easy to understand. In view of the many factors which may affect the double refraction of a colloid like cellulose, it seems rather unsafe to assume on such evidence alone that an outer layer is universally present with an almost transverse orientation. Perhaps it may be sig nificant that the path difference of this layer is higher in secondary fibres than it is in primary fibres which are the less strongly lignified, though according to Kanamaru (1934) high lignin content implies low birefringence. Of further interest is the observation of this worker th at the double refraction of hemp fibres in longitudinal view corresponds closely to that of cellulose micelles, particularly after incrusting substances have been removed. Since he uses the Becke line method, his figures would seem to refer to the outer layer of the wall in which, therefore, the cellulose chains must not be very far removed from the longitudinal direction. Kanamaru, however, apparently used commercial fibres, and in view of the relative ease with which the primary wall may be stripped from the fibres (it may be observed coming away from the secondary wall even after prolonged immersion in water alone) it is not clear whether or not the primary layer was present in his material.
A strong argument against the change of cellulose chain orientation from layer to layer is the fact that, on swelling, the outer layers of the wall crack first along a very steep spiral, which subsequently becomes flattened only by the swelling of layers to the inside; and th at whenever this outer layer is dissected off both fissures and the major extinction position are almost longitudinal. In this case, as in the conifer tracheid (Preston 1934) and unlike the sporangiophore of Phycornyces (Oort and Roelefson 1932; Castle 1936) , both fissures and m.e.p. lie in the same direction.
The swelling of the wall is clearly related to the different swelling properties of the various wall layers present, and is best understood in terms of their chemical differences. There are universally present outer and inner layers whose swelling is much less pronounced than th at of the thicker layer between them. This difference is undoubtedly connected, to some extent, with the nature and amount of the incrusting substances; for as these are removed the outer layers become comparable in swelling reaction to the central layer. On the other hand the inner layer is apparently no more intensely lignified than the swellable central layer. Taken in conjunction with the fact th at even after delignification the outer layer and inner layer are still resistant to swelling and th at unthickened fibres fail to swell almost entirely, this would seem to infer a configuration of the cellulose composing them different in some respects from that of the central layer. Such difference cannot be changes in chain direction for the inner layer has optical properties identical with those of the central layer. Thus in a single fibre we have further evidence in support of the attem pt of Sisson (1936) , in terms of the theory of crystal structure pro posed by Zwicky, to effect a compromise between the discrete micelle of Nageli and the existence, in cellulose, of a continuous structure demanded by some properties of fibres. Here we have the swelling properties of different layers of the wall as widely different as those between different types of fibre, although the chemical composition of the layers cannot be very different. The arrangement and association of the " micelles" must differ in the different layers.
It has been shown th at the lateral swelling involves longitudinal shrinking and it is in these terms that the appearance of transverse folds and cracks is to be explained. On slight swelling the central layers alone contract and cause both inner and outer layers to be thrown into folds, the number of folds increasing with increased swelling. If the fibre has been treated previously with chromic acid and the swelling is more intense, the inner layer apparently ceases to be thrown up into folds and a longi tudinal tension is set up in the central layer, leading to a series of transverse cracks which are always wider on the outer side, i.e. farthest from the non-swelling inner layer. Clearly treatm ent with chromic acid has removed the resistance of the outer layer to swelling by removal of lignin and perhaps also by a simultaneous change in the relation of the cellulose crystallites. The regular occurrence of such transverse cracks on treatm ent of fibres whose primary wall has been removed lends further support to this view. The " ballooning " phase of swelling is also clearly to be attributed to a failure of the outer layer to keep pace with the internal swelling. If this latter be rapid, then the outer layer becomes cracked along a spiral line, giving the appearance of spiral ballooning which eventually leads to the more typical form as already described.
Finally we have the effect of swelling on cellulose chain direction. Mercerization inevitably makes a fibre more responsive to treatm ent, particularly of a mechanical kind. The slightest carelessness in manipulating the swollen fibre causes profound changes in chain direction, and the presence of an inner resistant layer causes these changes to be often more marked in outer regions of the swelling layer. The effects of swelling alone (omitting the effect of handling and of " ballooning" ) are here rather small, but it would seem that they may be much more pronounced in cells whose cellulose chains are less steeply inclined. It is quite clear th at the structure of the swollen wall bears no resemblance to th at of the intact wall, and no picture of wall structure based only on material treated with swelling agents can possibly be accepted.
In conclusion, although such observations as have been made on development of the primary wall hardly merit any lengthy discussion, it may perhaps be emphasized that they do definitely indicate a more or less transverse orientation of cellulose chains which become longitudinal in the adult fibre through the agency of growth. The conception of a primary wall with longitudinally oriented chains at any stage of its existence seems to be at variance with the bulk of the literature (Bonner 1936; van Iterson J937; Castle 1936; Wuhrmann-Meyer 1939) , and the idea th at cellulose chains may be changed in orientation during growth seems to be losing favour. It is unfortunate that in the bulk of such work it is not clear that sufficient care has been taken in the determination of optical properties and in their relation to the geometrical features of cell enlargement. Optical determination of the properties of a cell wall are clearly quite inadequate unless they are carried out on single walls. In hemp we have the clearest evidence th at the bulk of the primary wall is composed of longitudinally directed cellulose chains. It cannot be denied, however, that in this tenuous wall there may occur layers (perhaps in a molecular sense) whose chain direction is different-in fact considerations of growth in terms of wall extension would appear to necessitate a steepening of the chain direction in passing from an outer to an inner layer here, particularly if wrall deposition goes on by apposition rather than by intussusception. D e s c r ip t io n o f P l a t e s P la te 14 F ig u r e s 5, 6. X -r a y diagram s of hem p fibres after w ater rettin g ( figure 5 ) and after tre a tm e n t w ith 1 0 % caustic soda (figure 6). 100 hr. exposure to CuKa rad iatio n from a Philips M etallix tu b e a t 4 0 ,0 0 0 V and 25 mA. F ig u r e 5. Two fibres arranged alm ost parallel (fibres parallel to th e long edge of th e plate). The equatorial spots are clearly double, so th a t very small differences in cellulose chain directions can be detected by th is X -ray m ethod. Single fibres give single photographs w ith no trace of a second orientation. The ph o to grap h reproduced here corresponds to th e superposition of the diagram s of two fibres inclined a t a sm all angle. F ig u r e 6. X -ra y diagram of a single hem p fibre m ercerized in 10% caustic soda.
No trace of m ore th a n one o rientation of cellulose chains is visible. F ig u r e 7 a, b. P hotom icrographs of a transverse section of a stem of hem p in the fibre region, a in ordinary light an d b in polarized light. The wall is isotropic, w ith th e exception of th e o uter layer and, very occasionally, of th e innerm ost layer. F ig u r e 8. H em p fibres after tre a tm e n t for 1 hr. w ith 10 % caustic soda. Num erous transverse m arkings are clearly visible in th e outer layers of th e wall, and their appearance suggests folds ra th e r th a n striations. F ig u r e 9. Secondary fibre tre a te d w ith 5 5 % sulphuric acid. " Spiral ballooning" is clearly visible in th e upp er p a rt of th e fibre. In th e lower p a rt the outer constricting band has become detached, and th e fibre is here commencing to swell uniform ly. P late 15 F ig u r e 10. F ibre swollen in caustic soda an d locally compressed. In the compressed region th e wall has broken u p into fibrils which are now inclined a t a considerable angle to th e fibre axis. F ig u r e 11. H em p fibre showing " spiral ballooning" (upper third) which by locally pronounced swelling (centre) is becoming transform ed into the more usual type (lower third). F ig u r e 12. More highly magnified view of a fibre in th e condition illustrated in figure 9 , plate 14.
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